Introduction
Domestication of plants and animals dramatically fostered human cultural development and was a key factor underlying human civilization. Wheat was among the earliest domesticated cereals which originated in the Fertile crescent (7, 38) . nearly 10000 years ago, our ancestors began to domesticate wild emmer wheat, Triticum turgidum ssp. dicoccoides (2n = 4x = 28, genome constitution AABB). the domesticated emmer wheat (T. turgidum ssp. dicoccum, 2n = 4x = 28, AABB) has primitive features, e.g. relatively fragile rachis and non free-threshing habit. Based on the biological and archaeological evidence, emmer wheat has been considered as the first domesticated tetraploid AABB wheat (38) . Together with other domesticated cereals, such as einkorn wheat and barley, emmer wheat played a major role in the beginning of agriculture and signifies an important breakthrough in the transformation to an agrarian life style in human history. the more advanced forms of tetraploid wheat with free-threshing habit (such as durum wheat: T. turgidum ssp. turgidum conv.
durum, 2n = 28, genome AABB) likely evolved from the domesticated emmer wheat.
Plant domestication is the genetic modification to create a new altered form of the species to meet human needs (2) . the selection pressure associated with planting of harvested kernels in the incipient phases of domestication has triggered changes in a set of traits in tetraploid wheat. Among the traits that underwent changes during early cultivation of tetraploid wheat, those related to rachis fragility, growth pattern and seed production played most significant and important roles. 1) Rachis fragility: the fragile (shattering) rachis of the wild forms allows seed dispersion, whereas the firm (nonshattering) rachis of cultivated forms allows the harvesting of the kernels after ripening. 2) Growth pattern with two major components: a) disposition of the tillers and main culm, which is prostrate in the early stages of development in the wild forms (probably providing a competitive advantage in natural stand) and erect in the domesticated forms (which allows higher density under cultivation), and b) the timing of tillering, which is more synchronous in the domesticated forms, thus providing a more uniform whole plant maturation. 3) Seed production and quality with several components: a) the percent seed set (higher in the domesticated forms), b) the restoration of fertility of the sterile flowers in the domesticated forms, c) 3 , naoki Mori the number of spikelets per spike (higher in the domesticated forms), d) the seed size (larger in the domesticated forms), and e) carbohydrate content (higher in the domesticated forms). higher values of the last two component traits also contribute to increased seedling vigor. 4) loss of seed dormancy: the trait characteristic to the domesticated forms allows the germination of the seed soon after the harvest and therefore contributes to the establishment of uniform and dense stands. An additional trait that distinguishes between the more advanced forms of domesticated tetraploid wheat, e.g. durum wheat, and both the wild and domesticated emmer wheat is kernel threshability. in the non free-threshing wild and domesticated emmer wheat, kernels are not easily detachable from the spikelet, whereas in the free-threshing durum wheat, the glumes are easily detachable from the kernels. A number of studies have been conducted to understand the genetic mechanism controlling rachis fragility in wheat. Recent studies revealed that rachis fragility is primarily controlled by Br genes on the homoeologous group-3 chromosomes (1, 4, 11, 16, 33, 34, 35) . in addition to group-3 chromosomes, Br factors were also mapped on chromosome 2A (19, 22) . in addition to the rachis fragility, genetic factors that control other domestication related traits have been studied in tetraploid wheat (19, 22) . in these studies, qtl analyses were conducted using durum wheat as a representative of the domesticated tetraploid wheat, which is relatively new among the domesticated tetraploid wheat. As mentioned above, durum wheat acquired advanced characteristics such as soft glume, tough rachis, and free-threshing habit when compared to more primitive emmer wheat. hence, the main objective of the present study was to clarify the genetic modifications that took place during the early stage of domestication prior to the appearance of durum wheat. therefore we directly analyzed domesticated emmer wheat instead of durum wheat. in the present study, we used an F 2 population derived from a cross between the domesticated emmer wheat and the wild emmer wheat. here we report the results of mapping qtls related to the domestication of emmer wheat.
MOLECULAR GENETIC ANALYSIS OF DOMESTICATION TRAITS IN EMMER WHEAT. I: MAP CONSTRUCTION AND QTL ANALYSIS USING AN F 2 PUPULATION

Materials and Methods
Plant materials to develop the F 2 plants, we used domesticated emmer wheat, T. turgidum ssp. dicoccum, original accession no. KU7309, collected in ethiopia (hereafter designated DcM1001) and wild emmer wheat T. turgidum ssp. dicoccoides, original accession no. KU8736A collected in northern iraq (hereafter Dcc63) as parental lines. these two accessions were provided by nBRP, Japan (http://www.shigen.nig.ac.jp/wheat/komugi/ top/top.jsp). these parental lines were selected based on the amount of genetic variation estimated by restriction fragment length polymorphism (RFlP) analysis (15) and morphological and physiological differences (n. Mori, unpublished data). When compared with wild emmer wheat (Dcc63), the domesticated emmer wheat DcM1001 has an erect growth habit with fewer tillers, thicker culms, non-shattering spikes, higher number of spikelets/spike, relatively short rachis internode, heavier and plumper kernels, softer and shorter glumes and awns. it also shows quicker emergence and vigorous seedlings. Whereas, Dcc63 shows prostrate growth and profuse and extended tillering (including sterile tillers), slender culms, shattering spikes, tougher and longer awns, relatively long rachis internodes, small number of spikelets/ spike, light and elongated kernels, and long interval from planting to emergence. the F 1 hybrid was produced by crossing DcM1001 as the mother plant with Dcc63, therefore all the progenies have the cytoplasm derived from DcM1001. total of 144 F 2 plants were produced by self pollinating the F 1 plants and used to construct a molecular linkage map. qtl analysis regarding domestication related traits was conducted with this F 2 population.
Phenotypic assessment the trait measurements were performed at Kobe University, Kobe, Japan (34°43′28″N, 135°14′8″E, altitude: 150 m), from the autumn in 1999 to early summer in 2000. the 144 F 2 plants and their parents were grown in pots (27 cm in diameter and 30 cm in depth). ten agronomic characteristics related to domestication were evaluated at suitable stages of growth ( Table 1) . these characteristics were as follows: plant height (ht), fertile tiller number (Ftn), rachis fragility (percentage of spikelet shattering, Sht), spike length (Sl), number of fertile spikelets per spike (Sn), total number of spikelets including both fertile and sterile spikelets (tSn), length of spikelet internodes (Sl/tSn), number of spikelets with one fertile floret (STSP), number of kernels (NK), and mass of kernels (M100K). two parameters, Ftn and ht, are characteristics of the whole plant. these were measured at maturity for each individual. Plants were self-pollinated using paper pollination bags and dried in a glass house after harvest. three harvested spikes from each pot were measured for other traits. the assessment of rachis fragility (shattering) was done about two months after harvest, on spikes kept in the pollination bags. the degree of shattering was quantitatively evaluated as the percentage of the disarticulated rachis units from the total number of rachis internodes (the number of spikelets). if two or more rachis internodes were attached to each other but were separated from the rachis they were counted as a single disarticulated unit. Percentage of spikelets that were separated per spike (%) Spike length (Sl) Spike length excluding awn length (cm) number of fertile spikelets (Sn) number of fertile spikelets per spike total number of spikelets (tSn) number of fertile and sterile spikelets per spike length of spikelet internodes (Sl/tSn) Average length of the spikelet internodes computed by Sl/tSn (cm) Number of spikelets with one fertile floret (STSP) Number of spikelets with one fertile floret in a spike number of kernels (nK) number of kernels per spike Mass of kernels (M100K) Mass of 100 kernels, weight (g) 2) * and ** indicate significance at P = 0.05 and P = 0.01, respectively.
by 35 cycles of 94 °c for 1 min, (50-60) °c (depending on the annealing temperature for each microsatellite marker) for 1 min, 72 °C for 2 min, and a final extension of 72 °c for 5 min. Amplified products were separated in a 4 % denaturing polyacrylamide gel with 0.5×tBe buffer. the microsatellite banding patterns were visualized using the silver staining method as described by Panaud et al. (18) . to screen the parental lines for polymorphism, a total of 594 microsatellite (SSR) markers were used. these markers consist of BARc (Beltsville Agricultural Research center [28] ), cFA and cFD (inRA clermont-Ferrand [5, 6] ), GPW (29) , GDM (Gatersleben D-genome Microsatellite [23] ), WMc (http://wheat.pw.usda.gov [27] ), GWM (Gatersleben wheat microsatellite [24] , hBD, hBe, and hBG (31) . two hundred and thirty-one markers were selected for the construction of linkage map using the F 2 population. All markers showed codominant alternative alleles between the two parental lines (Dcc63 and DcM1001) and covered all 14 chromosomes of emmer wheat.
After scoring the marker genotypes of 144 F 2 plants, linkage groups and marker orders were determined using MapMaker ver. 2.0 software (10) . the marker positions were compared with previous publications (27, 28) . Final mapping was performed by combining two or more linkage groups that belonged to the same chromosome. Four non-informative loci (wmc748, wmc786, hbg210, and hbg282) were excluded from mapping for the following reasons: they did not meet the threshold value, they contributed to negative distance in the final map, and/or they changed the order of anchoring markers. the Kosambi mapping function was used to transform the recombination frequency to genetic distances (cM) (9) .
Statistical analysis and QTL detection
AnoVA (analysis of variance), correlation analysis and c 2) ** and *** indicate significance at 1 % and 0.1 % level, respectively.
was carried out. Putative qtls were estimated by composite interval mapping using Winqtl cartographer ver. 2.5 software (32) . the optimal log of odds (loD) threshold values obtained from Winqtl cartographer (with the permutation value set at 1000) were used to determine the presence of a putative qtl. the percentages of variation explained by the qtl and the additive effect were also estimated using the software. in addition to the analysis described above, AnoVA for each marker genotype was performed using qGene version 3.0 (17).
Results and Discussion
Phenotypic variation among F 2 plants Fig. 1 shows the frequency distributions for ten morphological traits in the F 2 population. Phenotypes, except for Sht, showed continuous distribution, suggesting segregation of a number of genetic factors as well as environmental effect on the studied traits. transgressive segregation was observed for all traits, except for Sht. these results indicate existence of interactions between the genes that affect the phenotypic variation in domestication related traits in emmer wheat. Correlation analysis revealed significant positive or negative correlation between the traits examined in this study ( Table 2) . Plant height (ht) showed strong positive correlation with Sl, tSn and M100K. Fertile tiller number (Ftn) showed negative correlation with Sht, while it showed positive correlations with spike related characters, Sl, Sn, Sl/ tSn, tSn, and nK. Rachis fragility (Sht) showed negative correlations with Sl, both Sn and tSn, Sl/tSn, and nK. these results suggest that early farmers, when selecting for plants with lower degree of rachis fragility (non-shattering form), may have simultaneously selected plants with longer and denser spikes in emmer wheat.
the number of spikelets with one grain (StSP) positively correlated with both Sn and tSn, and Sl/tSn. the spike length (Sl) positively correlated with both Sn and tSn, Sl/tSn and nK. Grain weight (M100K) showed positive correlation with ht, while it had negative correlation with Sn, nK and Sl/tSn.
Genetic linkage map of emmer wheat
We constructed a genetic linkage map of emmer wheat using a mapping population derived from a cross between domesticated emmer wheat (T. turgidum ssp. dicoccum) and wild emmer wheat (T. turgidum ssp. dicoccoides). to our knowledge, the genetic linkage map constructed in this study is the first published map of emmer wheat, since all maps so far reported for AABB tetraploid wheat were constructed using durum wheat (T. turgidum ssp. turgidum conv. durum) as a domesticated wheat parent. to construct the map, 594 microsatellite (SSR) markers were initially screened and 227 polymorphic markers (38.2 %) were mapped using 144 F 2 plants. Fig. 2 shows the genetic linkage map constructed with 227 marker loci that were assigned to 14 chromosomes with a total map size of 2849.8 cM and an average marker interval of 13.4 cM. the map consists of 17 linkage groups of the tetraploid wheat genome that varied in the number of markers, map length, and marker density. chromosomes 1A, 3A and 7B each were represented by two linkage groups. the total number of markers per chromosome ranged from 13 (2B, 5B and 6B) to 20 (2A and 3B). homoeologous group 4 (total length of 4A and 4B chromosome) had the shortest map length (308.3 cM) with an average marker interval of 9.3 cM. the number of mapped markers was equivalent between the A genome (116 markers) and B genome (111 markers). the map length of the B genome (1304.9 cM) was shorter than that of the A genome (1544.9 cM).
the map developed in this study extended 2849.8 cM in length, which is in the range of the previously reported maps (2200 cM ~ 3000 cM) constructed from crosses between durum wheat and wild emmer wheat (3, 8, 13, 20, 21) . By comparing the chromosomal positions of common markers between them, the present map seemed to cover most of the genomic regions of emmer wheat. there were 24 wide marker intervals with more than 30 cM scattered over 13 chromosomes (except chromosome 3B). Among them, 18 wide intervals were also detected in the previous maps of durum wheat × wild emmer wheat (3, 8, 13, 20, 21, 37) . Although we attempted to select evenly distributed markers across the chromosomes, some regions showed no polymorphism, suggesting that there might be some chromosome segments identical by descent. 2) Portion of variance explained by the qtl.
Segregation distortion of the SSR markers
in this study, a total of 227 SSR maker loci were scored. We used c 2 test to check whether the marker segregation in F 2 population fitted the Mendelian segregation ratio (1:2:1 for codominant markers). twenty seven (11.8 %) makers showed significant deviation (at P < 0.01) from the expected ratio (Fig. 2, Table 3 ). Among them, seven makers showed distortion toward the DcM1001 alleles, while other seven markers distorted toward the Dcc63 alleles. Remaining 13 markers favored the heterozygote. the distorted markers were distributed on eight chromosomes (2A, 3A, 4A, 1B, 2B, 5B, 6B, and 7B). these markers showed a tendency to cluster in specific regions on a given chromosome (Fig. 2) . one cluster found on chromosome 5B consists of four markers all favoring the DcM1001 alleles, while another cluster found on chromosome 6B consists of five markers all favoring the Dcc63 alleles ( Table 3) . Segregation distortion of molecular markers has been documented in a wide range of organisms including wheat (14, 20, 21, 25, 26) . As reviewed by Xu et al. (36) , aberrant segregation ratios in plants may arise from a variety of physiological or genetic causes and may be manifested as differential transmission in either the male or female germ line or may result from postzygotic selection prior to genotypic evaluation. Further investigation of the genomic regions that showed distortion would be necessary to clarify the cause of skewed segregation in the F 2 population used in this study.
QTL analysis for domestication related traits
Seventeen genomic regions associated with the ten domestication related traits were estimated on eight chromosomes. Putative regions containing qtls and markers showing the most significant association are given in Table 4 A and 5B (Fig. 2) . Detailed biometric characteristics of qtls are as follows. Plant height and tiller number. one qtl on chromosome 3A was associated with ht with loD score 6.63. At this locus Dcc63 (wild emmer wheat) allele contributed to higher plant height and explained 26.86 % of the phenotypic variation. the Dcc63 allele showed an additive effect of about 9.84 cm.
one qtl on chromosome 2A was associated with Ftn with loD score 3.48, accounting for 16.98 % of the phenotypic variation. higher Ftn was conferred by DcM1001 (domesticated emmer wheat) allele with an additive effect of 1.49.
Spike characteristics. Rachis brittleness: two qtls on chromosomes 2A and 3B were significantly associated with Sht, with relatively high loD scores of 24.51 and 19.66, respectively. higher Sht was observed with Dcc63 alleles at both qtl regions. these qtls explained 45.3 % and 32.5 % of the phenotypic variation, respectively.
Spike length: two qtls on chromosomes 2A and 7B were associated with Sl with loD scores of 16.14 and 4.01, respectively. these qtls explained 70.83 % and 19.51 % of the phenotypic variation, respectively. higher Sl was conferred by DcM1001 allele at the 2A locus, while the Dcc63 allele showed higher Sl at the 7B locus.
number of spikelets per spike: We measured the number of spikelets per spike using the two parameters Sn and tSn, the latter of which included the number of sterile spikelets. two qtls on chromosomes 2A and 2B were associated with Sn with loD scores of 7.61 and 4.65, respectively. these qtls on 2A and 2B explained 35.14 % and 14.52 % of the phenotypic variation, respectively. only one qtl on chromosome 2A was detected for tSn with loD score of 9.59. this qtl was located in the same chromosomal region as that for Sn on 2A (the nearest marker was gwm526). At all of these loci, higher Sn or tSn were conferred by the DcM1001 alleles.
length of rachis internodes: the length of rachis internodes was estimated by computing Sl/tSn and compared between the wild and domesticated emmer wheat. Three significant qtls on 2A and 4A were associated with Sl/tSn with loD scores ranging between 2.68 and 11.25, explaining 9.58 % to 46.21 % of the variation. higher Sl/tSn was conferred by the DcM1001 allele on chromosome 2A, while Dcc63 alleles on chromosome 4A showed higher Sl/tSn.
Number of spikelets with single fertile floret: When compared with domesticated emmer wheat, a relatively higher number of sterile florets was observed in a spikelet of wild emmer wheat. therefore, we measured the number of spikelets Table 1 for details on the traits.
with a single fertile floret (STSP) in the F 2 population (Fig. 1) . two qtls on chromosomes 1B and 5B were associated with StSP with loD scores of 5.36 and 5.28, explaining 8.19 % to 20.3 % of the variation, respectively. higher StSP was conferred by the Dcc63 allele on 5B, while the DcM1001 allele showed higher StSP on 1B. Kernel number and weight. two parameters, nK and M100K were evaluated. A qtl on chromosome 2A was significantly associated with NK with LOD score of 5.11. the qtl explained a relatively small portion (6.63 %) of the variation. the DcM1001 allele was associated with higher nK at this locus. two qtls on chromosome 5B were associated with M100K with loD scores of 4.49 and 4.52, and explained 7.57 % and 6.03 % of the variation, respectively. the Dcc63 alleles showed higher M100K at both qtl regions.
QTLs involved in the early stage of tetraploid wheat domestication
From the beginning of agriculture in southwestern Asia, emmer wheat was the principal crop in neolithic to early Bronze Ages (38) . emmer wheat represents the primitive situation in domesticated AABB tetraploid wheat. it has non free-threshing (hulled) habit and relatively fragile rachis (although it has non-shattering spike). the more advanced forms with freethreshing habit, e.g. durum wheat, evolved under cultivation and selection of emmer wheat by early farmers. therefore, to clarify the genetic mechanism underlying these early events of domestication, it is necessary to study the differences between the wild emmer wheat and the domesticated emmer wheat. To the best of our knowledge, this is the first report on the construction of a genetic linkage map and qtl analysis of the domestication-related traits in emmer wheat. the rachis disarticulation (brittle rachis habit or shattering habit) is one of the most important characteristics in wild cereal species for its adaptive value as an efficient seed dispersal mechanism. however this trait was unfavorable to neolithic farmers who utilized wild wheat. During the early phase of emmer wheat domestication, the wild form with brittle rachis was converted into the non-shattering form with tough rachis. As pointed out by tanno and Willcox (30) , it might have taken a long time to completely replace the wild form with the domesticated form. A number of studies have revealed that the rachis fragility is under control by the genes present on the chromosomes belonging to homoeologous group 3. in tetraploid wheat, dominant genes brittle rachis 2 (originally designated as Br-A2) and brittle rachis 3 (Br-A3) were mapped to the short arms of chromosomes 3A and 3B, respectively (4, 11, 16, 33, 34, 35) . Br factor was also identified on chromosome 2A (19, 22) . in these reports, durum wheat was used as a representative of the domesticated tetraploid wheat. Therefore, it is difficult to determine if the conversions at these Br loci occurred during the domestication of emmer wheat or later in the evolution of free-threshing wheat. in the present study, two qtls that have a strong effect on rachis fragility were identified on chromosomes 2A and 3B in the F 2 population developed by the cross between domesticated emmer wheat and wild emmer wheat ( Table 4 and Fig. 2) . the estimated location of the qtl on chromosome 2A was in accordance with the locus of the Br gene identified by Peng et al. (22) and Peleg et al. (19) . however, we could not compare the exact location among them because of the lack of common markers. With respect to the relation of the qtl found on chromosome 3B (Table 4 and Fig. 2 ) with the previously reported Br-A3 locus (16), we noted that the nearest marker wmc777 was shared in common between them. therefore, it can be concluded that the qtl on chromosome 3B found in this study corresponds to the Br-A3 locus. these results indicate that at least two Br loci (on chromosomes 2A and 3B) were involved in the domestication of emmer wheat. it could be concluded that during domestication, before the appearance of free-threshing Table 1. wheat, the wild alleles (Br) in these two loci were converted to a non-brittle allele (br). these new br alleles likely contributed to the establishment of free-threshing tetraploid wheat (e.g. durum). to test if the br allele in durum wheat and emmer wheat is identical by descent, molecular cloning of the Br genes and comparative study on the nucleotide sequence variation among the Br genes in emmer and durum wheat will be required. As mentioned, a gene affecting the brittle rachis was also found on chromosome 3A (designated as Br-A2, 16, 34) . however, in the present study, no qtl related to brittle rachis was identified on chromosome 3A. In the linkage map of chromosome 3A constructed in this study (Fig. 2) , there is a large gap (48.5 cM) between the marker gwm369 and gwm5 where Br-A2 was reported (16) . it is possible that a minor qtl corresponding to Br-A2 is present in this region.
Traits related to seed production also underwent significant selection during the domestication of tetraploid wheat. We often observe higher percent seed set per spikelet and higher number of spikelets per spike in the domesticated forms of wheat. in the present study, domesticated emmer wheat showed higher average value for two parameters, fertile spikelet number (Sn) and total spikelet number including sterile spikelet (tSn) (Fig. 1) . two qtls were found on chromosome 2A for Sn and tSn, and one qtl on chromosome 2B for Sn ( Table 4, Fig. 2 ). At these loci, alleles from domesticated emmer wheat contributed the higher number of spikelets per spike. these results suggest that mutations at these qtls for Sn and tSn might have been selected unconsciously by early farmers and consequently increased the number of spikelets per spike during the domestication of emmer wheat. the number of kernels per spike (nK) could be directly related to the traits Sn and tSn mentioned above. in fact, we found a qtl for nK at the same genomic region on chromosome 2A as the qtls for Sn and tSn ( Table 4 and Fig. 2) , in which the allele from domesticated emmer wheat contributed the higher nK. these results suggest this chromosomal region played an important role that contributed to the increase in seed production during the domestication of emmer wheat.
Wild emmer wheat often showed higher number of spikelets with one fertile floret (STSP) (Fig. 1) . this character of wild emmer wheat likely relates to adaptation to a more variable environment. even in poor conditions, the wild emmer wheat could have ensured at least one seed set by changing the number of seed set per spikelet (reducing the number from two grains to one) and concentrating the limited resources. the domesticated form may have lost this adaptive function due to selection pressure towards increased number of seeds per spikelet and favorable growing conditions provided by the farmers. two qtls on chromosomes 1B and 5B were identified for this trait. Alleles of domesticated emmer wheat and wild emmer wheat contributed the higher value at the qtl on chromosomes 1B and 5B, respectively (Table 4) . the mutation(s) at the qtl on chromosome 5B may have been selected for by early farmers and may have contributed to the decrease in the number of sterile florets in a spikelet.
Conclusions
to clarify the early genetic events of emmer wheat (Triticum turgidum ssp. dicoccum) domestication, qtl mapping was conducted using a line that is considered to be the earliest domesticated tetraploid wheat in human history. the results revealed that at least two chromosomal regions on chromosomes 2A and 3B, affecting rachis fragility were selected during the domestication of emmer wheat, before the emergence of relatively modern tetraploid forms, e.g., durum wheat (Triticum turgidum ssp. turgidum conv. durum).
the domestication process could be viewed as the gain of various characteristics that are beneficial to human beings at the expense of adaptive phenotype of wild species developed over years of surviving in a highly variable natural environment. it is necessary to pick up and utilize these wild adaptive characteristics for future wheat improvement. Further study on the genetic mechanism underlying the domestication process will provide key information related to these characteristics.
